The multi-subunit Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) holoenzyme plays a critical role in animal learning and memory. The kinase domain of CaMKII is connected by a flexible linker to a C-terminal hub domain that assembles into a 12-or 14-subunit scaffold that displays the kinase domains around it. Studies on CaMKII suggest that the stoichiometry and dynamic assembly/disassembly of hub oligomers may be important for CaMKII regulation.
Introduction
CaMKII (Ca 2+ /calmodulin-dependent protein kinase II) is a multimeric Ser/Thr kinase that plays critical roles in neuronal signaling and cardiac pacemaking in animals [1] [2] [3] [4] . Each molecule of CaMKII consists of a kinase domain and a calmodulin-binding regulatory segment that are connected by a variable-length linker to a hub domain, also referred to as the association domain ( Figure 1A ). Hub domains oligomerize into donut-shaped assemblies of 12 or 14 subunits [5] [6] [7] , leading to holoenzymes in which the kinase domains are arranged around the assembled hub 8, 9 ( Figure 1B ). This multimeric architecture underlies many of the remarkable biochemical properties exhibited by CaMKII, including an ultrasensitive response to Ca 2+ /CaM 8, [10] [11] [12] .
The CaMKII hub domain is related structurally to a diverse group of proteins that include nuclear transport factor 2 (NTF2) and ketosteroid isomerases, but it shares no significant sequence similarity with these proteins 5 . Like the proteins to which it is related structurally, the CaMKII hub domain forms a stable wedge-shaped dimer 7 . The dimers of the CaMKII hub oligomerize to form the ring-shaped structures that hold the holoenzyme intact (we refer to these dimers as "vertical dimers," because they span the equatorial plane of the hub assembly: see Figure 1B ). The linker connecting the kinase domain to the hub varies in length between the four CaMKII isoforms in humans (denoted the α, β, γ, and δ isoforms).
CaMKII holoenzymes undergo activation-triggered destabilization and subunit exchange 7, 13 . Although the mechanism of this phenomenon is not completely understood, it suggests that the number of subunits in a hub assembly may not be static. Crystal structures of mammalian CaMKII hubs have revealed both tetradecameric forms (composed of seven vertical dimers, PDB codes 1HKX 5 and 2W2C 12 ) and dodecameric forms (six vertical dimers, PDB codes 5IG3 3SOA 8 and 2UX0 12 ). Electron microscopic images of negatively-stained samples of intact, fulllength human CaMKII-α show both dodecameric and tetradecameric forms 7, 9 . The oligomerization state of the mouse CaMKII-α hub has been observed to change from dodecameric to tetradecameric forms in response to the removal of the kinase domains, either through gene truncation or proteolytic cleavage 6 .
Homologs of CaMKII have been found so far only in animals and choanoflagellates, the closest extant relatives of the true metazoans 7 . The sequences of the kinase domain and the hub domain are highly conserved across mammalian and choanoflagellate species 7, 14 Given that full-length CaMKII proteins are restricted to metazoans and the choanoflagellates, it is surprising that genes with roughly 50% sequence identity to the human CaMKII-α hub domain are present in the genomes of several green algae and bacteria ( Figure   1C ). These organisms do not appear to contain sequences homologous to the CaMKII kinase domain. We report here the biophysical characterization of several of these non-metazoan
CaMKII hub domains, with a particular emphasis on the protein from the green algae
Chlamydomonas reinhardtii. The crystal structure of the Chlamydomonas hub assembly reveals that the structure of individual hub domains within the assembly is essentially the same as seen in the human hub assembly, as expected from sequence similarity. Unexpectedly, we observed, both by crystallography and native mass spectrometry, that the Chlamydomonas hub assembles as an 18-subunit closed ring, notably larger than the dodecameric or tetradecameric human CaMKII hub assemblies.
Changes in the stoichiometry of hub assemblies, between dodecameric, tetradecameric, and spiral forms, are correlated with changes in the twist and curvature of the central β-sheet of the hub domain 7 . The Chlamydomonas hub contains several intra-subunit hydrogen bonds that are not present in the human hub domains, and these appear to support the increased twist of the β-sheet that is necessary for forming a larger assembly. Guided by the Chlamydamonas hub structure, we introduced six mutations into the human CaMKII-α hub with the goal of promoting the formation of these hydrogen bonds. Under native mass spectrometry conditions the mutant human CaMKII-α hub formed assemblies with14 and 16 subunits, rather than the 12-and 14-subunit assemblies seen normally. A crystal structure of the mutant human CaMKII-α hub domain was obtained in a tetradecameric form, confirming the formation of the desired hydrogen bonds. Our results show how small changes in the sequence can shift the balance between different stoichiometries of the CaMKII hub assembly.
Results and Discussion

Identification of non-metazoan CaMKII hub domains
Genes with approximately 50% sequence identity to the human CaMKII-α hub domain, without associated kinase domains, were identified by a protein BLAST search in the genomes of three closely related species of green algae, Chlamydomonas reinhardtii (UniprotKB A8IHL6 and Planctopirus sp. JC280 (UniprotKB A0A1C3EH80) (Figure 2) . None of these algal or bacterial genomes appear to contain a kinase domain related to CaMKII, either in the open reading frame corresponding to the hub domain, or elsewhere in the genome, and so the function of these isolated hub domains is unclear. We shall refer to the proteins we have identified as "CaMKII hubs," although we stress that these non-metazoan species do not appear to contain actual CaMKII-like kinases.
Oligomerization states of non-metazoan CaMKII hub domains
The three algal CaMKII hubs were expressed individually in E. coli and purified to homogeneity. Native protein mass spectrometry was used to determine the molecular weight of oligomers formed by the purified proteins. The Chlamydomonas CaMKII hub domain formed an oligomer of 309,105 ± 400 Daltons, corresponding to a complex of 18 subunits (See Table I Figure 1) . Only the 14-subunit oligomer is predicted to form a closedring assembly.
Structure of the Chlamydomonas CaMKII hub domain
We crystallized the hub domain from Chlamydomonas reinhardtii and determined the structure 3.0 Å resolution, with 9 subunits in the crystallographic asymmetric unit. An 18-subunit closed ring is generated by a crystallographic two-fold axis of rotational symmetry. The structure of an individual CaMKII hub domain is highly conserved between human and Chlamydomonas, with a r.m.s. deviation of 0.9 Å over 115 Cα atoms ( Figure 4A ). As in the metazoan CaMKII hub structures, a large N-terminal α-helix is cradled by a highly curved antiparallel β-sheet in the Chlamydomonas hub.
The hub domains of human and choanoflagellate CaMKII contain a deep internal cavity containing three conserved arginine residues 5, 7 . The depth of this cavity, and the presence of the three arginine residues within it, distinguishes CaMKII hubs from other proteins with a similar fold, such as ketosteroid isomerases and NTF2. This cavity, and the three arginine residues within it, is conserved in the Chlamydomonas hub. In ketosteroid isomerases, the corresponding cavity is the enzymatic active site, but it does not contain the arginine residues. In NTF2, the corresponding cavity is the binding site for a peptide sidechain. The function of this cavity in
CaMKII is unknown, but the close similarity in structure and residue composition between the Chlamydomonas and metazoan hubs suggests that there may be a binding function associated with this cavity in CaMKII that is conserved.
The structure of the CaMKII hub domain vertical dimer is highly conserved between metazoans and Chlamydomonas ( Figure 4B) . In human CaMKII, a striking feature is the presence of 10 histidine residues at the equatorial interface between subunits of the vertical dimer. This feature is conserved in the Chlamydomonas hub, which contains 8 histidine residues at the dimeric interface, 6 in the same positions as in metazoan CaMKII hubs. Up to 4 interfacial histidine residues are found in some ketosteroid isomerases and NTF2 isoforms, but the more extensive use of histidines at the interface appears to be a distinctive feature of the CaMKII-like hubs. The importance of these residues for the integrity of human CaMKII is underscored by the recent observation that mutation of one of these residues in human CaMKII-α (His 477) leads to a destabilization of the holoenzyme and is associated with congenital defects in intellectual development 18 . The unusual utilization of multiple histidine residues at the dimer interface of the CaMKII hubs, largely preserved in the Chlamydomonas hub, may point to a pH sensitivity of the stability of the assembly.
Nine vertical dimers are assembled side-by-side in the Chlamydomonas hub to form a closed ring assembly ( Figure 5) . The relative arrangement of vertical dimers is the same as that seen in human CaMKII (human CaMKII-α numbering). We also introduced two additional mutations, Ile 414 → Met and Phe 467 → Met. These methionine residues are conserved across the three algal isoforms, and the structure of the Chlamydomonas hub domain suggests that these residues facilitate the increased curvature of the β-sheet. It is important to note that the residues that are mutated are not involved in the lateral protein-protein interfaces between vertical dimers of the hub domain assembly.
The six-mutant CaMKII hub domain was purified and the oligomerization states were assayed by native protein mass spectrometry. The mutant CaMKII-α hub assembles as 14-and 16-subunit assemblies, with a relative population of 7:1. (Figure 8A ) This is in contrast to results for the wild-type human CaMKII-α hub, which forms roughly equal populations of 12-subunit and 14-subunit assemblies 7 and has not been observed to form a 16-subunit assembly Supplementary Figure 3D) . subunits. We determined the structure of a CaMKII hub from Chlamydomonas reinhardtii by Xray crystallography, confirming that it forms a closed ring with 18 subunits.
Concluding Remarks
The structure of the Chlamydomonas CaMKII hub domain extends the previously observed correlation between the assembly stoichiometry and the curvature of the central β-sheet.
Hub domain flexibility is thought to underlie activation-triggered holoenzyme disassembly in human CaMKII-α 7, 13 . Based on the structure of the Chlamydomonas hub, we introduced six mutations into the human CamKII-α hub. These mutations resulted in a shift in the stoichiometry of the hub, from 12 or 14 subunits in the wild type protein to 14 or 16 subunits in the mutant. It remains to be seen if the mutations that we have introduced will inhibit or in some other way affect activation-triggered holoenzyme disassembly and reassembly in human CaMKII.
Materials and Methods
Protein constructs and protein purification
Restriction free cloning was used to insert the relevant CaMKII hub domains into an expression vector harboring a kanamycin resistance gene 19 . The specific genes from which hub sequences were extracted are: Chlamydomonas: UniprotKB A8IHL6, residues 2-134. Volvox:
UniprotKB D8U3T0, residues 2-137. Gonium: UniprotKB A0A150GVZ6, residues 2-136.
Pirellula: UniprotKB A0A142Y204, residues 2-130. Human: UniprotKB Q9UQM7, residues 345-475. In all cases an N-terminal sequence encoding a hexahistidine tag and Prescission protease cleavage site (MGSSHHHHHHSSGLEVLFQGPHM) was fused to the CaMKII hub gene. The Quikchange protocol was used to insert point mutations into the human hub domain 20 .
All hub domain isoforms were expressed and purified using a procedure similar to that described for the human CamKII-α hub 13 . BL-21 DE3 E. coli transformed with the relevant vector were cultured in TB media supplemented with phosphates. Protein expression was induced at ~22°C, OD600 = 0.6-0.8 by addition of 1 mM IPTG. Expression proceeded for ~18
hours while shaking at 18°C. All subsequent purification steps were performed at 4°C and all columns were made by GE healthcare.
Cells were pelleted, resuspended in buffer A (25 mM tris, 150 mM KCl, 50 mM imidazole, 0.5 mM DTT, 10% glycerol, pH 8.5 at 4°C) supplemented with DNase and common protease inhibitors, and lysed using a cell disrupter. The soluble lysate was passed over a 5 mL Proteins were run over either a superdex-200 or a superose-6 gel filtration column as the final purification step. The column was equilibrated with 25 mM tris, 150 mM KCl, 1 mM DTT, 1 mM TCEP, 5% glycerol, pH 8.0 at 4°C. Fraction purity was assessed by SDS-PAGE.
Sufficiently pure fractions were pooled, concentrated, flash-frozen in liquid nitrogen and stored at -80 °C.
Native protein mass spectrometry
Purified CaMKII hub domain isoforms were exchanged into 1 M ammonium acetate pH 6.9 at 22 °C and diluted to the desired concentrations. PD-25 columns (GE healthcare) were used to perform the buffer exchange. Mass spectra were acquired using a SYNAPT G2-Si mass spectrometer (Waters, Milford; MA, USA). Borosilicate capillaries were pulled to a tip i.d. of ~ 1.5 µm with a P-87 Flaming/Brown micropipetter puller (Sutter Instruments, Novato, CA, USA).
Nanoelectrospray ionization was initiated by applying ~1 -1.5 kV relative to instrument ground on a 0.127 mm platinum wire (Sigma, St. Louis, MO, USA) that was inserted into the borosilicate tips and was in contact with the sample solutions. The instrument was calibrated with cesium iodide (CsI) clusters formed from 20 mg/mL CsI in 70:30 Milli-Q water: 2-propanol solution.
The protein complexes were kept intact using soft instrument interface conditions. The raw data were smoothed with Savitsky-Golay smoothing algorithm (smooth window of mass-tocharge ratio 50 -100) in Waters MassLynx software. The measured masses of the complexes are
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Crystallographic analysis
Crystals of the
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Crystal structure refinement table. Three supplementary figures. Table   Table I : Calculated and measured mass of hub assemblies in this study. 
